Abstract
Introduction, results, and discussion

28
Long-lived mammal species have repeatedly been shown to exhibit less age-associated changes in 29 numerous physiological parameters that are assumed to be related to the functional decline during 30 aging than short-lived ones [1] [2] [3] [4] . Evidence from recent RNA-seq studies suggest that major parts of 31 the remarkable lifespan diversity amongst mammals are based on inter-species differences in gene 32 expression [5, 6] . However, these studies have focused on the identification of particular genes and 33 pathways that are differently expressed between species with divergent longevities. Whether short-34 and long-lived species differ regarding the general stability of their transcriptomes has, to the best of 35 our knowledge, never been explored so far. 36
To address this question, we examined transcriptome changes with age in two similar sized rodent 37 species with different longevities, the laboratory rat (Rattus norvegicus) which has a maximum 38 lifespan of 3.8 years [7] and the giant mole-rat (Fukomys mechowii), which has a maximum lifespan 39 of >20 years [8] . In giant mole-rats longevity depends strongly on reproductive status, with breeding 40 individuals outliving non-breeders by far [8] . In this study, only non-breeding male individuals were 41 examined. Male non-breeding giant mole-rats have a maximum lifespan of ~10 years and an average 42 lifespan of ~6 years, thus still clearly exceeding the life expectancy of the rat [8] . For both species, we 43 performed RNA-seq across five tissue samples (blood, heart, kidney, liver and skin; hereinafter called 44 for simplicity "tissues") in groups of young and elderly adults, determined differentially expressed 45 genes (DEGs) and searched for enriched functional categories. The analyzed rats had an age of 0.5 46 (n=5) and 2 (n=4) years, while the giant mole-rats were sampled at mean ages of 1.53 (range 1.3-2.0, 47 n=4-7) and 6.64 (5.5-7.7, n=4-8) years (Table S1 ). The later time points correspond to an age-48 associated survival that is about or even below 40% in both species [8, 9] . The earlier time points 49 represent young, yet sexually mature adults and were chosen to be approximately one quarter of the 50 respective later time point. 51
Despite the fact that both species were compared across a similar range of adult biological age (as 52 derived from the survival probabilities of the cohorts), strikingly, the transcriptomes of the giant 53 mole-rats changed much less than those of the rats. In four of five tissues the number of DEGs in the 54 giant mole-rat represented only a small fraction of the respective numbers in the rat (0.6-19%, Fig. 1 Consistent with this idea, we found classical aging signatures across all examined tissues when 90 looking at biological processes that were affected by differential gene expression in the rat, (Fig. 2) . 91
For instance, transcriptional alterations of "immune response" (GO:0006955, tables S12-21) and 92 "inflammatory response" (GO: 0006954) genes are known as hallmarks of aging [15] . These 93 processes, as well as many related processes such as response to cytokine (GO: 0034097) and 94 leukocyte aggregation (GO: 0070486), are consistently enriched for DEGs in all examined rat tissues. 95
In the giant mole-rat, on the other hand, we found these signatures only in blood. Summarizing the 96 processes enriched for DEGs using REVIGO [16] results for all rat tissues and giant mole-rat blood in a 97 largest summarized category that holds mainly those immune processes and is accordingly named 98 "immune process" (blood, kidney and skin), "regulation of immune process" (heart) and "response to 99 external stimulus" (liver) (Fig. S1-9 ). Other aging-relevant processes that are enriched for DEGs across 100 rat tissues are, e.g., apoptotic process (GO: 0006915, all tissues except heart), coagulation (GO: 101 0050817, all tissues) and oxidation-reduction process (GO: 0055114, all tissues except liver). Again, 102 these processes are enriched only in blood with regard to giant mole-rat DEGs. These results indicate 103 that giant mole-rats evolved a slow-down of typical aging dependent transcriptional alterations in 104 several vital tissues. 105 
. mechowii). 108
On the single gene level, there is a modest but still significant (p<0.05, Fisher's exact test) overlap 109 between the DEGs of rat and giant mole-rat in blood, heart and skin as well as a tendency in kidney 110 and liver (p<0.10) (Fig. 1, Tables S22-26 ). In the intersection of blood DEGs those are overrepresented 111 that are regulated in the same direction during aging in both species (p=3.3*10 -31 , Fisher's exact test 112 based on regulation of all genes), fitting the shared aging-signatures in this tissue (see above). 113
Interestingly, we found on the contrary an overrepresentation of DEGs that are regulated in opposite 114 directions in skin (p=0.005). This points to the intriguing possibility that in some tissues expression 115 changes that cause aging in the rat are counteracted by opposite changes during aging in the giant 116 mole-rat. Also in kidney the majority of shared DEGs is regulated in opposite directions during aging 117 (Fig. 1) . As an example, "collagen metabolic process" (GO: 0032963) is one of the seven processes 118 that are enriched in the kidney both in rat and giant mole-rat. While the enrichment in the rat is 119 based on 20 collagen genes that are significantly up-and one down-regulated during aging, in giant 120 mole-rat it results from four collagens and two genes coding for potent collagenases (CTSK and CTSS, 121 [17]) all being down-regulated during aging. Of the latter six genes, five overlap with those that are 122 significantly up-regulated in rat. Collagen regulation in the rat reflects the molecular aging process 123 because lowering collagen levels attenuates kidney diseases in rats [18] , while increased collagen 124 levels in kidney were shown to induce cyst development in polycystic kidney disease in this species 125 [19] . At the same time kidney diseases are a major cause of death in rats [20] and potentially also in 126 (naked) mole-rats [21, 22] . The opposite collagen regulation pattern in giant mole-rat can be 127 interpreted as an anti-aging program rather than a signature of the aging process. 128
In conclusion, we hypothesize that the higher transcriptome stability observed in long-lived giant 129 mole-rats compared to short-lived rats evolved under different evolutionary constraints and 130 contributes to the considerably distinct life history traits in short-and long-lived species: early onset 131 and fast aging on one side and delayed/slowed down aging from young to elderly adulthood on the 132 other. 133
134
Methods
135
Experimental design 136 The transcriptomes of young versus old animals from two species -Wistar rats (R. norvegicus) and 137 giant mole-rats (F. mechowii) -were compared in this study. Five tissues (blood, heart, kidney, liver 138 and skin) were sampled from both species and age cohorts. All examined animals were non-breeding 139 males. Young rats had an age of 6 months, and old rats of 2 years. Young mole-rats had an age of 1.3-140 2 (mean 1.53) years, and old mole-rats of 5.5-7.7 years. The number of biological replicates per tissue 141 for each age cohort and species was 4-8 depending on the tissue (Table S1/ HiSeq 2500 sequencing device and with at least 17 mio. reads per sample as described in Table S27.  158 The reads were aligned to the respective reference using the "aln" algorithm of the Burrows-Wheeler 159 Alignment tool (BWA) [25] allowing no gaps and a maximum of two mismatches in the alignment. 160
Only those reads were used for quantification that could be uniquely mapped to the respective gene. 161
Read data for rat and giant mole-rat were deposited as ENA study PRJEB23955 (Table S27) . 162
Differential expression analysis
163
The differential expression analysis was performed using DeSeq2 [26] . In both species, the old 164 animals were compared against the young ones. Genes with a p-value < 0.05 after correcting for 165 multiple testing with the Benjamani-Hochberg method were considered as differentially expressed 166 (Tables S2-S11 for gene ontology processes (one figure for tissue and species, giant mole-rat skin is missing because 184 the number of enriched terms was too small for summarization). 185
